The implementation of highly active antiretroviral therapy (HAART) considerably reduces virus propagation in HIVinfected individuals and substantially extends their life expectancies (50) . However, HAART still has various shortcomings, including the emergence of resistant virus strains, severe side effects of drugs, suboptimal penetration of the central nervous system, failure to completely suppress viremia, and the requirement for life-long treatment (1, 31, 35, 46) . In addition, HAART is very cost intensive and thus not affordable for the majority of HIV-infected individuals in developing countries (46, 52) . Achieving widespread antiretroviral treatment is a major goal for the prevention of virus-induced diseases in infected individuals and also has the potential to reduce HIV transmission (52) . The latter aspect is particularly important in light of the absence of effective prevention strategies like protective HIV vaccines (5) . Altogether, there is an urgent need for the continuous development of novel anti-HIV drugs and their implementation into affordable and efficient therapies (12, 21) .
Different strategies have been used for the discovery and the development of anti-HIV drugs (56) . One of these is the rational design of molecules that interfere with the activity of a preselected target and their testing in biochemical assays. In the past, this approach has been successful in the development of inhibitors of the HIV-1 protease (13) , of which at least 10 have been approved as anti-HIV drugs (http://www.fda.gov/). However, development of new anti-HIV drugs by rational design is limited to targets for which detailed structural data exist and whose functions are amenable to biochemical testing. This is the case for only a few HIV proteins, leaving many other promising but less well-studied anti-HIV targets inaccessible to this approach (21) . A further limitation of target-driven screening with biochemical assays is the requirement for highly pure, preferably single, molecules for testing, precluding the rapid exploratory appraisal of extract mixtures (47) . Another strategy that has led to the successful development of anti-HIV drugs in the past is the testing of inhibitory effects in cell-based assays that evaluate the effects of compounds on replication of HIV in cultured cells (13, 43) . This approach has the potential to identify inhibitors against multiple viral and cellular functions essential for HIV replication and to detect novel inhibitory mechanisms. In the past, an HIV replication assay that monitored HIV-induced cytopathic effects in human T-lymphoma cells was used for the discovery of the first nonnucleo-side reverse transcriptase inhibitors (43) . Since then, various other HIV replication assays have been developed, particularly assays using infection-dependent reporters (reviewed in reference 56). Reporters are either expressed as part of the virus (i.e., reporter viruses) or from reporter genes activated during infection of HIV-susceptible cells. Reporter proteins expressed by HIV indicator cell lines include various enzymes (7, 8, 17, 28) and the green fluorescent protein (GFP) (15, 19, 41, 59 ). Transcription of these reporter genes is generally directed by the HIV long terminal repeat (LTR) and therefore activated by the HIV-1 Tat protein. More recently, an HIV-reporter gene was developed that is dependent on both Rev and Tat for expression (59) .
HIV replication assays have a great potential to expedite the development of novel anti-HIV therapies. Therefore, it is worthwhile to continue the development of these assays, in particular, to broaden their capacity to discover HIV inhibitors with novel modes of action as well as to identify new sources of HIV inhibitors. Many replication assays cover specific aspects of the replication cycle. Thus, single-round infection assays, which are performed with pseudotyped virus particles bearing env-defective viral genomes, have been optimized to detect inhibitors that interfere with various cell-associated events of replication (reviewed in reference 34). However, these assays cannot detect inhibitors of virus envelopment, budding, or virion infectivity. On the other hand, reporter cell assays based on replication-competent viruses and Tat-activated reporter genes can show greater sensitivity for early-than for late-phase inhibitors (7, 11, 41 ) (see Discussion). It would also be highly desirable to have sturdy HIV replication assays for rapid and reliable testing of crude biological extracts for anti-HIV activities. This would greatly advance the development of HIV therapeutics from natural products, which hold great promise for drug development (30, 42, 60) .
Here we present a full-replication exploratory assay system for the discovery of HIV inhibitors (EASY-HIT). We show that the assay identifies and discriminates between inhibitory activities against different phases of HIV replication. We present data demonstrating robust and reliable performance characteristics of this assay and its suitability for screening of compound libraries. Furthermore, we show that this technology can identify anti-HIV activities of natural products, both in the form of isolated compounds and as crude biological extracts. We conclude that EASY-HIT will facilitate the mining of natural and other sources for novel HIV-inhibitors.
MATERIALS AND METHODS
Cell culture. The HIV indicator LC5-RIC cell line (where RIC is red infected cells, indicating the LC5 parental line expressing the DsRed1 reporter), the HIV1 IIIB -producer T-lymphoma cell line KE37.1-IIIB, the uninfected T-lymphoma cell line KE37.1, and HEK 293T cells were cultured under standard conditions at 37°C in 5% CO 2 in Dulbecco's modified Eagle medium (DMEM containing GlutaMAX-1; Gibco, Darmstadt, Germany) or very-low-endotoxin (VLE)-RPMI 1640 medium (Biochrom AG, Berlin, Germany) supplemented with 10% fetal bovine serum (Biochrom AG) and 1% antibiotic-antimycotic solution (Gibco). LC5-RIC reporter cells were maintained under selection pressure by addition of 0.74 mg/ml Geneticin (G418 sulfate; PAA Laboratories, Pasching, Austria) and 0.125 mg/ml hygromycin B (PAA Laboratories) to the cell culture medium at every second passage to retain stable expression of the CD4 receptor and to ensure stability of the reporter construct. Selection antibiotics were removed 2 days before the cells were seeded into the assay plates and were generally not used during the assay.
LC5-RIC cells were used for a maximum of 10 passages, and every new batch of cells was initially checked for the expression of CD4 and CXCR4 receptors by flow cytometry (see below) and signal performance by determination of the signal-to-background ratio. Only LC5-RIC batches showing expression of CD4 and CXCR4 on Ն80% of the cells, no background expression of the reporter, and over 100-fold induction of relative signal intensities in HIV infection assays were used for further applications.
Generation of the LC5-RIC HIV indicator cell line. LC5-CD4 (54) is a HeLaderived cell clone with a stably integrated expression vector containing genes encoding human CD4 and a protein conferring neomycin resistance (33) . To generate LC5-RIC, LC5-CD4 cells were transfected with the reporter construct pLRed(2ϫINS)R (58) modified to contain the hygromycin B resistance gene, using Fugene HD (Roche, Grenzach-Whylen, Germany) transfection reagent. The reporter gene in pLRed(2ϫINS)R directs Rev-and Tat-dependent expression of the red fluorescent protein DsRed1. Transfected cells were cultured in standard cell culture medium supplemented with 167 g/ml hygromycin B (Gibco) for 48 h; single-cell colonies were isolated and expanded, and 10 cell clones were selected for further analysis. Cell clones were monitored for absence of background expression and HIV-dependent induction of reporter expression, resulting in selection of the LC5-RIC clone. Flow cytometry analysis (see below) confirmed cell surface expression of the CD4 receptor and the CXCR4 coreceptor on over 80% of LC5-RIC.
Virus stock preparation. Infectious HIV-1 stocks were generated from the HIV-1 IIIB producer cell line KE37.1-IIIB (54) or by transfection of HEK 293T cells with the infectious molecular clone pLAI.2 (44) .
KE37.1-IIIB cells were adjusted to 8 ϫ 10 5 per milliliter and cultured for 48 h prior to virus collection. Virus-containing culture supernatants were harvested by centrifugation at 2,000 ϫ g and passed through a 0.45-m-pore-size filter (Sartorius, Goettingen, Germany). Viral RNA was quantified in culture supernatants by HIV reverse transcription PCR ([RT-PCR] RealTime HIV-1; Abbott, Wiesbaden, Germany) according to the manufacturer's instructions. Supernatants harvested from the parental T-lymphoma cell line KE37.1 were used as negative controls.
For the production of HIV-1 LAI , HEK 293T cells were seeded into six-well plates at a density of 10 5 cells per well in 2 ml of culture medium. Twenty-four hours later, cells were transfected with 1 g of pLAI.2 DNA per well using 3.8 l of FuGene HD transfection reagent (Roche), following the manufacturer's instructions. Forty-eight hours later 1 ml of DMEM was added to each well to boost the virus production, and after an additional 24 h, the supernatant was harvested, centrifuged for 5 min at 2,000 ϫ g, aliquoted, and frozen at Ϫ80°C.
Virus preparations were analyzed for virus levels and absence of cell-deleterious effects using an aliquot of the frozen virus stock thawed at 37°C for 1 h. Virus levels were quantified by p24
Gag enzyme-linked immunosorbent assay (ELISA; Applied Biosystems, Carlsbad, CA), according to the manufacturer's instructions, and by titration on LC5-RIC cells. For virus titration, different volumes of the virus stock were added to LC5-RIC cells seeded in a 96-well plate, with five wells assayed for each volume tested. Forty-eight hours later, fluorescent signal intensities were measured, and cells were subsequently analyzed by 3-(4,5-dimethylthiazol-2-yl)2 2,5-diphenyl tetrazolium bromide (MTT) assay. The following criteria were applied to select the volumes of the virus stocks used in assays with LC5-RIC cells: (i) over 100-fold increase of the relative fluorescent signal intensities by HIV infection, (ii) relative signal induction levels below the plateau, and (iii) a reduction of the relative MTT signal by less than 10%. Figure  S1 in the supplemental material shows an example in which 5 l of virus preparation corresponded to ϳ130-fold induction of the reporter signal, 28.8 ng of p24, and 90% MTT signal relative to uninfected controls. This stock was selected for use in subsequent assays.
Isolation of primary virus. To isolate primary virus from clinical material, 50 l of cerebrospinal fluid (CSF) samples from HIV-infected individuals was directly added to LC5-RIC cells grown in 96-well plates at a density of 10 4 cells per well in 50 l of DMEM with GlutaMAX-1 (Gibco) supplemented with 10% fetal calf serum (Biochrom AG). To promote infection, DEAE-dextran was added at a concentration of 20 g per milliliter. Supernatants were removed after 18 h and replaced by fresh culture medium. Cultures were monitored for infection by microscopic inspection for HIV reporter expression. Cultures with infected cells were harvested after 2 weeks and seeded and expanded in six-well plates. Isolation of novel virus strains was confirmed by sequence analysis of the nef gene. In brief, RNA was extracted from cells with an RNeasy Mini Kit (Qiagen, Hilden, Germany), reverse transcribed using a SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Darmstadt, Germany), and PCR amplified using the previously published nef-specific primers Nef-F1 and Nef-R (24) and GoTaq polymerase (Promega, Mannheim, Germany). PCR products were purified by a NucleoSpin Extract II Kit (Macherey and Nagel, Dueren, Germany) and cloned into pCRII-TOPO (Invitrogen), and four clones per isolate were sequenced in-house (ABI Prism 3100; Applied Biosystems). ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used for sequence alignments. Supernatants from infected LC5-RIC cultures were harvested, filtered sterile, and frozen at Ϫ80°C.
Standard assay setup for testing of HIV inhibitors. LC5-RIC cells were seeded into 96-well plates (CLEAR-Plate Black; Greiner Bio-One, Kremsmuenster, Germany), using only the 60 inner wells to avoid adverse effects caused by variations in the culture conditions in the outer wells. Cells were seeded at a density of 10 4 per well at 24 h prior to infection. Compounds were tested either at single concentrations or in serial dilutions, with each concentration assayed in triplicate. Compound solution (100 l) followed by 20 l of HIV inoculum (10 8 RNA copies/ml inoculum for KE37.1-derived HIV-1 IIIB or 28.8 ng of p24 for HIV-1 LAI derived from HEK 293T cells) was added to each well. To assay maximum infection (i.e., 100%), HIV inoculum was added to LC5-RIC cells incubated with compound-free medium. Controls for background expression consisted of LC5-RIC cells cultured in conditioned medium from KE37.1 (i.e., uninfected) cells. Plates were incubated for 48 h after virus addition, after which cultures were assayed for cellular reporter expression and for titers of infectious virus in supernatant fluids. Reporter expression was determined by measuring the total fluorescent signal intensity of each culture with a fluorescence microplate reader (Fluoroskan Ascent; ThermoFisher, Schwerte, Germany) at an excitation filter wavelength of 544 nm and an emission filter wavelength of 590 nm or with a Tecan infinite M200 (Tecan, Crailsheim, Germany) at the monochromator wavelengths 552 nm for excitation and 596 for emission. To quantify infectious virus titers, supernatant fluids (30 l of HIV-1 IIIB or 20 l for HIV-1 LAI ) from cultures in the first plate were transferred to a second plate with uninfected LC5-RIC cells in exact replicate, and total fluorescent signal intensities of cultures in the second plate were measured 72 h after transfer.
MTT assay. Influence of compounds on the viability and activity of LC5-RIC cells exposed to HIV was determined by a colorimetric assay that measures the reduction of the yellow MTT to purple formazan by mitochondrial enzymes (38) . Validation of the EASY-HIT system according to the guidelines of the NIH Chemical Genomics Center. For the estimation of quality, robustness, and reproducibility of our assay, the parameters ZЈ, coefficient of variation (CV), signal window (SW), and signal-to-background ratio (S/B) were determined according to established guidelines (16) .These parameters were assayed in three experiments performed on three different days. For each experiment, three 96-well plates were infected with HIV-1 LAI using 5 l of virus stock solution in the standard assay setup. Each 96-well plate was loaded as described in the National Institutes of Health Chemical Genomics Center (NCGC) guidelines using a plate layout (i.e., interleaved signal format) that has a combination of wells producing different signal levels. Wells for analysis of maximum signal contained virus only, wells for the middle signal contained virus and 100 nM azidothymidine (AZT), and wells for the minimum signal contained no virus. Overall, 60 wells were analyzed per signal and experiment. A corresponding calculation for the LOPAC 1280 screen was performed using the data for positive (virus, DMSO, and no compound) and negative (no virus, DMSO, and no compound) controls from each plate (n ϭ 48/step) as maximum and minimum signals, respectively (364 wells/signal). The following formulas were used for the calculation of ZЈ and SW:
where SD is standard deviation, Avg is the mean signal, max and min are maximum and minimum signals, respectively, and n is the number of replicates. In addition, the following two formulas were used: CV ϭ (SD/͌n)/Avg and S/B ϭ Avg max /Avg min .
Drug susceptibility assays. To determine 50% effective concentrations (EC 50 ) of established anti-HIV compounds for inhibition of HIV infection of LC5-RIC cells, serial dilutions of griffithsin (GRFT), enfuvirtide (T20), AZT, efavirenz (EFV), 118-D24, raltegravir (RAL), flavopiridol (FLV), saquinavir (SQV), and darunavir (DRV) in cell culture medium were tested in a standard assay setup. All test compounds were provided by the NIH AIDS Research and Reference Reagent Program (www.aidsreagent.org). Infections were carried out using HIV-1 IIIB and a primary isolate of HIV.
Screening of the LOPAC 1280 compound library. The screen of the LOPAC
1280
(Sigma) compound library was performed with 5 l of HIV-1 LAI stock solution.
All compounds were dissolved in DMSO by the manufacturer and further diluted with standard DMEM to yield a final test concentration of 10 M and a DMSO concentration of less than 0.2% in the assay. All compounds were tested in triplicate plates. Liquid handling was performed with a manual benchtop pipetting system (Liquidator 96; Steinbrenner Laborsysteme GmbH, Wiesenbach, Germany). Preliminary screening of a natural product compound collection. A preliminary screening of a collection of 400 natural compounds (Specs, Delft, Netherlands) was accomplished with HIV-1 IIIB . All compounds were dissolved in DMSO and further diluted with standard DMEM to yield a final test concentration of 10 M and a DMSO concentration of less than 0.2% in the assay. All test compounds were tested in triplicate plates.
TOA. Time-of-addition (TOA) assays were performed in 96-well plates using a standard assay setup with some modifications. HIV-1 IIIB virus preparations were added to LC5-RIC cultures at time point 0. Anti-HIV compounds were added to the cultures at different time points after addition of virus preparations. Inhibitor concentrations were Ն2ϫ EC 50 in each well. At least 15 different time points were evaluated for each compound in at least three wells per time point. Cultures were incubated with virus for 48 h and subsequently analyzed for cellular reporter gene expression and/or infectious virus titers in culture supernatants.
Flow cytometry and fluorescence microscopy. For Gag p24 staining, 1 ϫ 10 6 LC5-RIC cells were fixed, washed, and permeabilized as previously described (49) . Immunostaining with a fluorescein isothiocyanate (FITC)-labeled p24-specific antibody, KC57-FITC (Becton Dickinson, Heidelberg, Germany), was carried out for 2 h in the dark, followed by three washing steps with phosphatebuffered saline (PBS) and resuspension of cells in PBS for further analysis.
Immunostaining of LC5-RIC cells for CD4 and chemokine receptor CXCR4 was carried out as described by Rothenaigner et al. (49) . Allophycocyanin (APC)-conjugated CD4-and CXCR4-specific antibodies (BD Pharmingen) were used to detect surface receptors CD4 and CXCR4. Cells were analyzed by flow cytometry (FACSCalibur; Beckton Dickinson) using channels FL1 (FITC), FL3 (DsRed1), or FL4 (APC).
Fluorescence microscopic imaging was done by use of a Olympus IX81 research microscope.
Calculation of values and curve fits. Curve fits and EC 50 calculations were done with Prism, version 4 (GraphPad Software, La Jolla, CA), using the equation for sigmoidal dose response with variable slope with the following set constraint parameters: fixed top of 100 and fixed bottom of 0. As internal acceptance criteria, R 2 values had to be Ն0.9.
RESULTS
Monitoring HIV infection with LC5-RIC indicator cells. The HIV indicator LC5-RIC (where RIC is red infected cells) cell line is derived from HeLa cells transduced with a gene for stable expression of the CD4 cell surface molecule (54) . In addition, LC5-RIC cells contain a reporter gene for expression of the red fluorescent protein DsRed1, which is activated by HIV-1 Tat and Rev (Fig. 1A) .
To analyze the relationship between reporter expression and HIV infection, DsRed1 expression was monitored in LC5-RIC cultures exposed to different amounts of HIV-1 IIIB . Microscopic analysis of LC5-RIC cultures (Fig. 1B) confirmed the absence of background expression of DsRed1 in uninfected cultures. In HIV-exposed cultures, the proportion of red flu- We also quantified the amounts of infectious virus released by HIV-exposed cultures. To this end, aliquots of supernatant fluids from primary infected cultures were transferred to secondary uninfected LC5-RIC cultures, and fluorescence signal intensities of the secondary cultures were measured after 72 h of incubation. As shown in Fig. 1D , a linear correlation existed between the fluorescence signal intensities of the secondary cultures and the amounts of virus used for primary infection. This confirms productive infection of primary HIV-exposed LC5-RIC cells and shows that the amount of infectious virus released by the HIV-exposed LC5-RIC cells is directly proportional to the amount of virus used for primary infection.
To further validate DsRed1 reporter expression as a reliable marker for virus replication, we compared the temporal appearance of fluorescence signal intensities with quantitative HIV production parameters, i.e., percentages of Gag-positive cells in the culture and HIV RNA copy numbers in culture supernatants. As shown in Fig. 1E there was a direct and positive time-resolved correlation of reporter expression, formation of the virus antigen p24, and release of viral progeny.
To determine whether monitoring of HIV infection with LC5-RIC cells can be adapted to screening for HIV inhibitors, we assessed criteria for robustness and reproducibility of the reporter signal according to established guidelines (16) . To assess reproducibility, these criteria were evaluated in experiments with multiple plates (n ϭ 3) in multiple wells per plate and with each experiment performed on a different day (n ϭ 3). Signal variability was tested for cultures infected with HIV (maximum signal), cultures lacking HIV (minimum signal), and cultures treated with 100 nM of the reverse transcriptase inhibitor AZT (mid signal; here, ϳ37% relative fluorescent signal intensity). Table 1 summarizes the results of these validation experiments. The coefficient of variation (CV) is a statistical measure for the average deviation of signal intensities. In all validation experiments, the CV values calculated for all three signal types remained below 2%, which is 10 times lower than the maximum acceptance criterion of 20%. The ZЈ factor is a statistical value that reflects the dynamic range of the assay and the variation of signal measurements (61) and should be Ն0.4 with a maximum value of 1. The ZЈ factors determined for infection assays with LC5-RIC were equal to or above 0.97. The signal window (SW) values and the signal-to-background (S/B) ratios indicated a broad dynamic range of reporter signal production by LC5-RIC cells. This resulted from both very low background signals, comparable to those of the parental LC5 cells lacking the reporter gene, and high fluorescent signal intensities of infected cells (see Fig. S2 in the supplemental material). Edge and drift effects within plates were not observed.
Together these results show that reporter expression in LC5-RIC cells represents a reliable quantitative parameter for HIV infection.
intensities of infected LC5-RIC cultures and the amounts of virus (i.e., viral RNA copy numbers) used for infection (i.e., primary infection). EASY-HIT, an exploratory assay system for the discovery of HIV inhibitors. Our next goal was to design and validate an LC5-RIC-based full-replication assay system for the discovery of HIV inhibitors, which we called EASY-HIT. Figure 2A shows a schematic overview of the assay. In a standard assay procedure, candidate inhibitors were added to LC5-RIC cultures in microtiter plates, HIV preparations were added within 30 min of beginning treatment, and test cultures were incubated for 48 h after virus addition. Reference cultures were either exposed to the virus without inhibitor candidates (maximum signal) or not exposed to the virus (minimum signal). Effects of compounds on HIV infection of LC5-RIC cultures were determined in two steps. The first step quantified reporter expression by assaying fluorescent signal intensities of cells in test cultures. The second step quantified the infectious virus produced in test cultures by transferring aliquots of supernatants of test cultures to uninfected LC5-RIC cells, followed by measurement of fluorescent signal intensities at 72 h after transfer. Cells evaluated for reporter expression were subjected to an MTT assay to detect deleterious effects of compounds on cell viability under test conditions.
For validation of the EASY-HIT system, we compiled a panel of nine HIV inhibitors known to interfere with different processes that occur in either the early or late replication phases (reviewed in reference 13; see also references in Table  2 ). Early-phase inhibitors were selected that interfere with virus entry (griffithsin [GRFT] and T20), reverse transcription (the nucleoside reverse transcriptase inhibitor azidothymdine Fig. 2B , the two-step format of the EASY-HIT assay enables detection of both early-and late-phase inhibitors and can be used to discriminate between both types of inhibitors. Whereas earlyphase inhibitors (GRFT, T20, EFV, and 118-D-24) potently reduced relative fluorescent signal intensities measured in both steps of the assay, the late-phase inhibitors (DRV and SQV) reduced the signal intensity predominantly in the second step. The potencies of these inhibitors to prevent HIV-1 replication in LC5-RIC cells was determined by testing serial dilutions of the inhibitors with the standard EASY-HIT assay procedure. Tests were performed with two different HIV-1 strains: a laboratory-adapted strain (HIV-1 IIIB ) and a primary HIV-1 strain isolated from clinical material (for details, see Materials and Methods). All inhibitors significantly reduced replication of both HIV-1 strains. As shown in Table 2 , the EC 50 (half maximal effective concentrations) values determined for each inhibitor were similar for both HIV-1 strains and agreed well with the published EC 50 
of these inhibitors in T cells (peripheral blood mononuclear cells [PBMC] and human T-cell lines).
These results confirm that the assay procedure allows evaluation of the anti-HIV activities of inhibitors that interfere with different stages of HIV-1 replication.
Screening of a compound library with EASY-HIT. To evaluate whether this assay system can be applied to screening of small-molecule libraries for HIV inhibitors, we performed a pilot screen of a library of 1280 known pharmaceutically active compounds (LOPAC 1280 ) for compounds with HIV-inhibitory activities. Each test compound was assayed at 10 M in triplicate plates and analyzed for its capacity to reduce the relative fluorescent signal of HIV-exposed LC5-RIC cells to Յ26% in the second assay step (i.e., reduction of virus production). This cutoff was selected according to Jones et al. (26) and represents a decrease of the fluorescent signal by Ն3 standard deviations of the average fluorescent signal detected for all compoundtreated HIV-exposed LC5-RIC samples. To avoid false-positive results, we excluded all compounds that decreased the relative MTT signal of the cells in test cultures by more than 10% from the set of potentially active compounds. Application of these criteria resulted in the selection of 10 inhibitor candidates (Fig. 3) . Three of these substances turned out to be approved inhibitors of the HIV-1 reverse transcriptase (AZT, stavudine [d4T], and zalcitabine [ddC]), five additional compounds were listed in the NIAID Division of AIDS HIV/OI/Therapeutics database (http://chemdb.niaid.nih .gov/) as known inhibitors of HIV replication, and two sub- Validation parameters characterizing the EASY-HIT system under these screening conditions are listed in Table 1 and confirm the excellent performance of the screening assay.
Time-of-addition assays for classification of inhibitory activities. While the basic EASY-HIT discovery assay distinguishes between inhibitors of early and late phases of HIV-1 replication, characterization of inhibitory activities would benefit from the means to discriminate different steps of HIV replication at higher resolution. Time-of-addition assays monitor the inhibitory efficacies of compounds added to HIV target cells at different time points after exposure of the cells to the virus. As demonstrated in Fig. 4 , time-of-addition assays with reference inhibitors (see above) yielded distinct profiles. Compounds known to interfere with very early steps of replication like virus attachment (e.g., GRFT) lost efficacy against HIV at much earlier time points than compounds that interfere with late steps of replication, like virion maturation (i.e., SQV). The profiles of these reference compounds (Fig. 4) demonstrate the temporal discrimination of HIV-1 entry (Fig. 4A) , reverse transcription and integration (Fig. 4B), HIV transcription (Fig.  4C) , and virus maturation processes (Fig. 4D) .
Evaluation and characterization of antiviral activities of natural products. We then addressed the usefulness of EASY-HIT to evaluate and characterize anti-HIV activities from different sources of natural products. Preliminary screening of a 400-compound natural product library (Specs, Netherlands) resulted in identification of three molecules that were found to inhibit HIV replication in our assay (i.e., abyssinone IV, 3,12-dioxocholanic acid, and 7-alpha-acetoxy-6-beta-hydroxyroyleanone). All three molecules showed no or only a minor (Յ5%) decrease in the relative MTT signal of the cells in test cultures at 10 M, indicating that they lacked cytotoxicity at this concentration. Repeated testing of these three compounds in dose-response assays yielded EC 50 of Յ5 M for all three compounds. Anti-HIV activities of these compounds were not listed in the NIAID Division of AIDS HIV/OI/TB Therapeutics database (http://chemdb.niaid.nih.gov/), suggesting that they are new HIV inhibitor candidates.
The potential of these three compounds to inhibit the early phase of HIV-1 replication was evaluated by measuring their effects on reporter expression at concentrations that completely blocked the release of infectious HIV (i.e., Ͼ95% reduction of fluorescent signal in the second step). Under these conditions, abyssinone IV and 3,12-dioxocholanic acid reduced the fluorescent signal during primary infection more strongly than 7-alpha-acetoxy-6-beta-hydroxyroyleanone, suggesting that the former two compounds interfere more strongly with the early phase of HIV-1 replication than the latter compound.
We then compared the inhibitory profiles of these compounds with those of known anti-HIV drugs in time-of-addition assays. The profile of abyssinone IV was closest to the profiles of AZT and of raltegravir (Fig. 5A) . This confirms that abyssinone IV interferes with HIV-1 replication during the early phase of replication and suggests that it may affect processes temporally associated with the stages of reverse transcription or integration. The profile of 3,12-dioxocholanic acid (Fig. 5B) shows that this compound can inhibit reporter production at later time points (50% loss of inhibition at ϳ26 h postinfection [p.i.]) than raltegravir (50% loss of inhibition at ϳ10 h p.i.). This indicates that 3,12-dioxocholanic acid may act after integration in the late phase of HIV replication. However, compared to the late-phase inhibitor darunavir, 3,12-dioxocholanic acid showed a much more pronounced inhibitory effect on reporter production in test cultures. Furthermore, 3,12-dioxocholanic acid more strongly suppressed the production of infectious virus at later time points (Ͼ35 h p.i.) than darunavir. Together, these results indicate that the inhibitory activity of 3,12-dioxocholanic acid differs from the activity of current anti-HIV drugs, suggesting that it may represent a new class of inhibitors. The profile of 7-alpha-acetoxy-6-beta-hydroxyroyleanone resembled that of darunavir (Fig. 5C ), indicating that this compound interferes with the late phase of HIV-1 replication. We speculate that it may either act at a similar stage of replication as darunavir or by binding to viral envelope proteins or viral membranes, similar to the mechanism of action of deoxycholate or related bile acid derivatives (2) .
To check whether EASY-HIT is suitable for directly measuring antiviral activities in natural materials, crude extracts from plants with established anti-HIV activities and a control plant (Nicotiana tabacum) were tested in the indicator cells. Prunella vulgaris and Arctium lappa are well-known medicinal plants of the Lamiaceae and Asteraceae plant families, respectively. Extracts from members of both plant families have been shown to inhibit HIV entry, and the hypothetical compounds responsible for the anti-HIV effects were named prunellin (P. vulgaris) and arctigenin (A. lappa) (20, 32, 45) . In addition, extracts of the medicinal plant Echinacea sp. (Asteraceae) show inhibition of the HIV integrase enzyme (10, 42) .
The crude extracts of P. vulgaris and A. lappa (see Fig. S3A in the supplemental material) and E. purpurea (data not shown) showed significant dose-dependent reduction of HIV infection whereas the aqueous extract of the control plant N. tabacum, had no effect on HIV infection or replication. All crude plant extracts showed no or only a very slight (Յ10%) decrease in the relative MTT signal of the cells in test cultures even at the highest extract concentrations tested. Time-ofaddition assays with crude extracts of P. vulgaris, A. lappa, and E. purpurea confirmed that extracts of P. vulgaris and A. lappa inhibited initial steps of virus entry, whereas the extract of Echinacea purpurea interfered with HIV replication at later stages, possibly affecting reverse transcription or provirus integration or both (see Fig. S3B in the supplemental material). this technology was validated with a panel of nine known HIV inhibitors that target different processes of HIV replication, beginning from the very early processes of viral attachment and entry and extending through reverse transcription, integration, transcription, and production of infectious virions ( Table 1) . The 50% effective concentrations (EC 50 ) of all tested drugs were consistent with published data for various T-cell lines and HIV isolates (22, 27, 29, 37, 40, 51) . Testing of the reference compounds in time-of-addition assays showed that this technology can also be used in secondary assays for higher-resolution discrimination of different steps of the replication cycle, facilitating the classification of inhibitor activities.
DISCUSSION
In the following we will compare various features of the EASY-HIT technology with other HIV infection reporter systems, discuss the quality of its performance characteristics and its performance in a pilot screen of the LOPAC 1280 compound library, and outline the use of this technology for identification of novel HIV inhibitors from biological sources.
Like other fluorescent HIV reporter assays, the EASY-HIT assay quantifies levels of a fluorescent reporter protein induced during the early phase of HIV replication (19, 41, 59) . However, in contrast to conventional assays, the EASY-HIT assay is designed to evaluate an additional HIV infection parameter which relates to the late phase of virus replication, i.e., production of infectious virus. For this purpose, a two-step assay is employed that measures the fluorescent signals first directly in the cells of the test culture and subsequently in LC5-RIC indicator cells incubated with aliquots of supernatants of test cultures (Fig. 2) . All inhibitors of HIV replication, regardless of the phase of replication at which they act, should reduce production of infectious virus and, thus, decrease the fluorescent signal in the second assay step. Compounds that also efficiently reduce the fluorescent signal in the first step are potential early-phase inhibitors while compounds that reduce the fluorescent signal more strongly in the second step than in the first are potential late-phase inhibitors. The advantages of this two-step assay design are as follows: (i) improved detection of late-phase inhibitors, (ii) availability of an additional control for unspecific effects of compound treatment on reporter production, and (iii) distinction between potential early-and late-phase inhibitors of HIV replication early in the selection process. The last enables the selection of candidate inhibitors with different modes of activity already during screening and helps to focus screening efforts, if desired. This assay design overcomes a previously described limitation of various conventional HIV reporter assays that detect latephase inhibitors less efficiently than early-phase inhibitor (7, 11, 41) . Late-phase HIV inhibitors continue to be of interest in the development of new anti-HIV drugs and may be more effective in reducing the viral burden in vivo than early-phase inhibitors (14) .
Many HIV reporter systems are based on a reporter gene under the transcriptional control of the LTR, which is activated by the viral Tat protein during infection (for examples, see references 7, 8, 19, 28, and 41) . However, background expression of these reporter genes has been reported to occur in HIV indicator cells (48, 53, 59 ). This is due to the inherent basal activity of the HIV LTR, which is essential for initiating HIV expression during replication, and the capacity of the LTR to modulate its activity in response to extracellular stimuli (reviewed in references 3 and 9). Wu et al. (59) demonstrated that background reporter expression in CEM cells can be reduced by incorporating additional regulatory sequences for Rev responsiveness into the LTR-driven reporter gene. Therefore, we based our system on a reporter gene activated by both Rev and Tat rather than by just Tat (57, 58) . Indeed, the fluorescent signal measured for LC5-RIC cells in the absence of HIV was indistinguishable from that of the parental cells lacking the reporter, confirming the absence of background expression of the reporter in LC5-RIC cells.
In contrast to the other fluorescence-based reporter assays, the reporter gene in the LC5-RIC cells encodes a red fluorescent protein (DsRed1) instead of the more common GFP. This allows simultaneous visualization of GFP in infected LC5-RIC cells in future studies, e.g., as virion label (25, 39) or as cellular reporter.
HIV indicator cells used in reporter assays were developed from both T-cell lines derived from human acute T-cell leukemias (e.g., CEM and Jurkat) (19, 41, 59) and from HeLa cells (28, 36, 55) . We chose HeLa cells for the generation of the LC5-RIC indicator cell line because of their adherent cell growth. Adherent cell growth facilitates accurate quantification of the fluorescent signal intensities of cultured cells by microplate fluorimetry and allows easy removal of cell culture supernatants for further analysis. In addition, adherent cell growth facilitates the use of LC5-RIC cells in future imaging applications, e.g., to analyze compound-or infection-related changes of morphological cell parameters. LC5-RIC cells stably express CD4 and CXCR4 on their cell surfaces (Ͼ80% positive cells). They are permissive for infection and replication of laboratory-adapted HIV-1 strains as well primary HIV-1 isolates. HIV infection of LC5-RIC cells with laboratory HIV-1 isolates does not require infection-enhancing agents like DEAE-dextran, which is generally used in infection protocols with HeLaderived cell lines such as HeLa-MAGI or TZM-BL (28, 55) . We recently engineered a CCR5-expressing derivative of the LC5-RIC line, enabling future studies with macrophage-tropic (R5) viruses.
Analysis of various parameters for robustness and reliability revealed that the EASY-HIT assay surpassed the minimum acceptance criteria for all parameters by a wide margin (Table  1) , confirming the high quality of its performance. Furthermore, the assay retained high robustness and reliability during screening of the LOPAC 1280 library, yielding a ZЈ value of 0.94 (Table 1) . ZЈ values reported for screens performed with other cell-based HIV inhibitor assays ranged from 0.72 to 0.84 (6, 7, 18, 41) . Candidate inhibitor compounds were selected from the LOPAC 1280 screen by two criteria: (i) reduction of the relative fluorescent reporter signal below a threshold of three times the standard deviation of the average signal of all tested compounds and (ii) maintenance of Ն90% of the relative MTT signal in test cultures. The latter criterion was chosen to reduce false-positive results due to adverse effects of compounds on cell viabilities and activities and to thus improve identification of candidate inhibitors that specifically affect HIV replication. Application of these criteria led to the identification of a set of 10 compounds that included 8 compounds with known HIVinhibitory activities, corresponding to an overall selection rate of 0.8% of compounds from the LOPAC 1280 library. The results from this pilot screen of the LOPAC 1280 library indicates that the EASY-HIT assay is suitable for screening applications. Several industrial-scale screens have been described previously (6, 7) . Here, the screen with the EASY-HIT technology was performed in an academic setting with the benefit of only a manual benchtop liquid pipetting system. Under these conditions, testing of all 1280 compounds of the LOPAC 1280 library in triplicate plates was completed within 6 days, indicating the potential usefulness of our technology for the screening of larger libraries.
The exploration of novel sources of bioactive structures including plants, microbes, or sea organisms for antiviral activities is becoming increasingly important (60) . The results of this study indicate that the EASY-HIT technology is a useful tool to identify and develop natural products with HIV-inhibitory activities. We show that three novel candidate inhibitors in a collection of natural products interfered with different steps of HIV replication, with one candidate inhibitor acting at the early phase of HIV replication, another at the late phase, and a third targeting a postintegration mechanism not covered by conventional antiviral therapies so far. We also demonstrate that our system can be used to identify HIV-inhibitory activities in crude plant extracts, yielding defined and reproducible dose-dependent inhibition curves and distinct time-of-addition profiles. The stages of HIV replication identified by the latter as targets for interference agreed with published data (20, 32, 45) . This suggests application of the EASY-HIT technology for identification of HIV inhibitors from biological sources by bioassay guided fractionation procedures in future studies.
In summary, we established a robust and reliable full HIV-1 replication system for integrated identification and characterization of novel HIV inhibitors. We demonstrate that EASY-HIT can be applied to screening of small-molecule libraries in an academic environment with limited automation. In addition, we show that EASY-HIT can be used to evaluate anti-HIV activities of natural products, including crude plant extracts. We expect our technology to be of interest for industrial settings as well as nonprofit research aimed at developing affordable therapies for HIV-infected people in resource-poor settings and may also help individuals in these areas develop novel therapeutic strategies from local biological sources.
